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Abstract: Weed suppression is a potential benefit of cover crop mixtures, as species diversity may
allow for combining early and late-season competition with weeds. Here, we studied if this is possible
for only-legume mixtures containing species with different growth rates, by testing two legumes,
alsike clover (AC; Trifolium hybridum L.) and black medic (BM; Medicago lupulina L.) in two field
trials sown in 2016 and 2017. Five AC:BM ratios (100:0, 67:33, 50:50, 33:67, and 0:100) were grown
at three densities (50%, 100%, and 150% of recommended seed density). Cover crop and weed
aboveground biomass (CCB and WB, respectively) were harvested three times, after establishment
in spring (H1), in summer (H2), and in autumn after mulching (H3). Compared to fallow plots, all
monocultures and mixtures showed early-season weed suppression in terms of biomass production
and more efficiency over time with an average reduction of 42%, 52%, and 96% in 2016, and 39%,
55%, and 89% in 2017 at H1, H2, and H3, respectively. Out of 54 mixture treatments, only eight
mixtures showed stronger weed suppression than monocultures. Mixtures reduced WB by 28%, as
an average value, in 2017 compared to the respective monocultures, but not significantly in 2016,
indicating that the crop diversity effect on weeds was dependent on the growing environment. Weed
suppression was significantly higher at 100% and 150% seed density than 50%, but no significant
differences were determined between 100% and 150% seed density. After mulching, no density effect
was observed on CCB and WB. In conclusion, AC and BM can be used as a keystone species on weed
suppression for sustainable agriculture as they possess plasticity to suppress weeds when higher
biomass productivity is limited by environmental conditions. However, their diversity effects are
time and condition dependent. Appropriate seed density and mulching can successfully be employed
in weed management, but seed density may not have an effect after mulching.
Keywords: asynchrony; crop diversification; forage legume; functional traits; interspecific interaction;
mixed cropping; weed control
1. Introduction
Weeds are a serious biotic threat in agroecosystems affecting crop productivity and crop quality [1,2].
The estimated crop yield loss due to weeds is about 34% worldwide [3]. In conventional arable farming
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systems, the strategy of weed control relies heavily on synthetic herbicides. However, the reliance on
herbicides in agriculture is currently posing problems such as risks to human health, environmental
pollution, and the evolution of weeds that are resistant to herbicides [4]. In contrast, low-input
agriculture and organic farming exploit approaches that aim for high crop competitiveness such as
intercropping or cover crop mixtures to suppress weeds. These approaches provide an alternative
pathway of self-regulation and resilience of the agroecosystems to meet environmental perturbations
and secure sustainable agriculture [5–7].
Cover crops are introduced into the cropping system in two major ways: By growing them when
the soil is not cultivated, or, alternatively, intercropping them with the main crop for a part of the
growing season as living mulch [8,9]. In both systems, cover crops interfere with the development of
weed populations through two mechanisms. First, the rapid and successful establishment of cover
crops will hamper weed growth and development through niche pre-emption and competition [10,11].
However, the initial weed seedbank [12], weed response to the ambient conditions [13,14], and soil
fertility [15,16] may interfere with the successful establishment of cover crops. Second, incorporated
(green manures) or surface application of crop residues as mulch can effectively inhibit or retard
germination and establishment of weeds [17,18]. This effect is due to allelopathic or physical effects,
the stimulation of soil-borne pathogens, or a combination of these mechanisms [19,20]. Therefore,
designing or optimizing a mixture of cover crops where the two mechanisms could be operating
overtime would allow for an effective weed control.
Diversification of cropping systems by increasing the number of crop species grown together has
been proposed as a means of ecological weed management in agroecosystems [6]. Reduced weed
biomass in intercropping systems has been reported by several workers for cereal-grain legume [21],
for pea-barley [22], for maize–legume [23], and for maize-faba bean [24]. These studies confirmed that
species diversity maintains a highly asymmetric competition over weeds [25], but these relations still
need to be investigated in further detail and compared with the effects of other agronomic options of
weed control, e.g., increased seed density or mulching. Other studies have reported that species identity
(species performance in a particular ecosystem function) outweighs the effect of species diversity
on weed suppression [26,27]. Species identity is affected by species traits (species characteristics),
e.g., species’ growth rate and species´ response to environmental conditions, which may reflect the
overall performance of the species [28,29]. In this context, mixing species with different traits, e.g.,
different growth rates may create a temporal asynchrony in species growth dynamics, where the
fast-growing species competes with the early-season weeds and the slow-growing species competes
with the late-season weeds. This approach may provide an effective weed management over the whole
growing season while decreasing the direct competition for resources between the mixed-species.
Perennial forage legumes in mixtures have demonstrated their ability to provide important
ecosystem services [30], mainly via reducing the dependency on mineral fertilizer by fixing atmospheric
nitrogen [23,31]. In addition, legume cover crop mixtures have also been observed to contribute to
weed control [32–34]. In practice, perennial legumes are often combined with grasses, especially
when they are grown for forage production. In this situation, the competition among legumes and
non-legumes on weed suppression is likely to be largely influenced by nitrogen dynamics, thereby
masking potential effects of any other traits that are related to competitive ability [21]. For this reason,
we chose to focus on legume-only crops to understand the potential of forage legumes to suppress
weeds, and, in this context, to study the potential of increasing crop diversity for better weed control.
Weed suppression by cover crops is the result of internal and external factors such as crop species
and genotype, crop density, plant species diversity, and composition, then management practice such
as cutting and mulching. The relative proportion of species can modify the crop species’ relative
competitive strength [35,36]. According to the complementarity hypothesis, mixtures with more equal
proportions (i.e., seed mixtures with greater species evenness) may be more productive [37] and less
prone to weeds infestation [38–40]. Contrary to this hypothesis, many studies did not observe a pattern
of greater biomass in equiproportional mixtures [25,35,41]. Moreover, increasing crop density usually
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resulted in decreased weed biomass [42,43]. In this context, a properly managed mixture is expected to
have higher biomass productivity that intimately related to weed suppression [44,45].
In this study, we investigated two legume species alsike clover (AC; Trifolium hybridum L.) and
black medic (BM; Medicago lupulina L.) in 15 treatments consists of five mixing ratios of AC:BM
100:0, 67:33, 50:50, 33:67, and 0:100 sown at three seed densities representing 50%, 100%, and
150% of the recommended seed density. The species were chosen based on several contrasting
characteristics regarding growth rates, response to temperature, and water and growth habit. BM is a
fast-growing perennial legume [29,46] that is well adapted to warm and dry conditions [47,48], has a
short-medium growth habit that forms a superior ground cover, and regrows fast after cutting [49–51].
AC is a slow-growing perennial legume that is drought-sensitive and well adapted to cool and wet
conditions [52,53] and has an upright growth habit with a single crown from which multiple florets are
produced [54]. Therefore, the two legume species are supposed to represent asynchrony in growth
rates and asynchrony in response to environmental conditions; thus, strongly suppressing weeds.
Specifically, we aimed to test whether a mixture of AC and BM has a potential ability to reduce the
risk of yield losses and suppress weeds in varied environmental conditions (e.g., areas with uncertain
rainfall). Here, we refer to weed suppression by reducing weed biomass, but we acknowledge that an
important component of weed suppression is not covered by any measurements in our study, refers
to the weed seedbank. Thus, our hypotheses are: (1) The two legume species differ in their ability to
suppress weeds. (2) Mixtures of the two legume species suppress weeds better than expected from the
average of the monocultures. (3) Equiproportional mixtures suppress weeds more strongly than other
mixtures. (4) Higher seed densities lead to stronger weed suppression. (5) Mulching intensifies density
effects as the mulch residues that result from planting high seed density allows for a thick cover above
the ground, consequently higher weed suppression. (6) Weed biomass is negatively related to crop
biomass productivity.
2. Materials and Methods
2.1. Study Sites
Two field trials were conducted on 2016 (field FU9) and on 2017 (field S5), respectively, at the
experimental field station of the Humboldt University of Berlin in Dahlem (52◦28′ N, 13◦18′ E, 51 m
above sea level). The two fields varied in soil fertility and soil type in the top 20-cm soil layer (Table 1).
The crop sequence in both field trials was cereals—potato—winter wheat—legumes. All meteorological
data at each harvest (H1, H2, and H3) during the growing season of each year are presented in Figure 1.
Table 1. Summary of soil physical and chemical properties at FU9 and S5 fields for the top 20 cm of the
soil profile.
Site (Year) Soil Type pH Organic Matter N P K Mg Ca Fe
Soil Texture
Sand Clay Silt
% mg kg−1 %
FU9 (2016) Sandy clayloam 6.3 1.24 0.13 251 90 52 1471 7354 69 22 9
S5 (2017) Sandy loam 5.6 0.72 0.09 121 83 37 1242 5044 76 14 10
2.2. Experimental Design
The experimental design in both years was a randomized complete block design with three
replicates in 2016 and four replicates in 2017. Plot size was 3 m × 9 m including plot margins. Each
plot consisted of 20 rows with 13.5 cm spacing between rows. The selected species were alsike clover
(cv. Dawn) and black medic (cv. Ekola). Five mixing ratios (MR) of AC:BM including 100:0, 67:33,
50:50, 33:67, and 0:100 were grown at three different sowing densities (Den) representing 50%, 100%,
and 150% of recommended seed density.
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The trial employed a response surface design (Figure S1) and included 16 variants per block,
representing the monocultures of the two species at three densities (six variants), the three proportions
at each seed density (nine variants), and a fallow plot as one further variant; this bare ground was
used as a control plot for weed growth (Figure S2). Each of the 16 variants was assigned to one plot
within a block. When the fallow is not included in the analysis, our design can also be considered as a
two-factorial design with mixing ratios as one factor (with five levels), determined by the presence
and proportion of the two legume species and seed density as the other factor (with three levels)
(see Figure S1). The seeds were bought from the companies Deutsche Saatveredelung AG (DSV) and
Camena-Samen for AC and BM, respectively.
Seed rates of AC and BM in monoculture in practice are reported as 10 and 15 kg ha−1,
respectively [29]. These rates were modified to 7.6 and 17.6 kg ha−1 of AC and BM, respectively,
according to their thousand grain weight (0.80 g for AC and 1.85 g for BM) in order to obtain an equal
number of plants in the two monocultures. As a result, the absolute number of seeds in the monocultures
at 100% relative seed density was 950 seeds m−2 for both species. This number of seeds was corrected
for the percent of germination in each year. Based on this, the seeds were weighed for each plot, were
thoroughly mixed in case of the mixtures, and were kept at room temperature (approximately 20 ◦C)
for a few days before sowing in late April. Sowing depth was approximately 0.5 cm and was adjusted
precisely in the field by using a sowing machine (Wintersteiger AG, Ried im Innkreis, Austria). Mulching
in summer was done by cutting the crop and the weeds in all treatments including the zero-seed density
control plots at approximately 4 cm height with a Uni-Mäher UMK 18 (from Gerhard Dücker KG
Maschinenfabrik, Stadtlohn, Germany) and leaving the cut material on the plots.
The experimental layout contained buffer plots surrounding all main plots from the outside
edge of the field with 1.5 m width. These buffer plots were planted with the highest density of the
two-species equiproportional mixture. Dead seeds were used to be cultivated in the control plots
to ensure consistent application of the sowing operation across all plots; here, seeds were killed by
applying heat to the seeds in an oven at 100 ◦C for three consecutive days.
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Figure 1. Schedule of the two field experiments and the meteorological data including the 
accumulated precipitation (mm), average mean temperature (°C), and average radiation (MJ m−2) 
during three harvest times (H1, H2, and H3) in the years 2016 and 2017 (Source: Agricultural 
Climatology of the HU-Berlin, Dahlem; [55]). DAS: Days After Sowing, DAM: Days After Mulching. 
* p < 0.05. 
2.3. Weed Biomass and Cover Crop Biomass 
Figure 1. Schedule of the two field experiments and the meteorological data including the a cumulated
precipitation (mm), average ean temperature (◦C), and av rage radiation (MJ m−2) during three
harvest tim s (H1, H2, and H3) in the years 2016 and 2017 (Source: Agricultural Climatology of the
HU-Berlin, Dahlem; [55]). DAS: Days After Sowing, AM: Days After Mulching. “*” was mentioned
to clarify the reason for the delay in mulching in 2017.
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2.3. Weed Biomass and Cover Crop Biomass
We quantified cover crop and weed aboveground biomass (CCB and WB, respectively) in three
harvest times, during spring, summer, and early autumn of each year. The time of harvest was
based on calculating the growing degree days (GDD; ◦Cd) of BM by using a base temperature of
0.6 ◦C [56] to compare plants in similar growth stages across experimental years. Depending on these
calculations the plants were specifically harvested at 670 ± 100 ◦Cd (40 ± 10 Days after Sowing; DAS)
and 1100 ± 100 ◦Cd (64 ± 10 DAS) at H1 and H2, respectively.
After mulching, the degree days were calculated again for the regrowth of the plants; they
represented 1480 ◦Cd in 2016 and 1164 ◦Cd in 2017. The difference in growing degree days (316 ◦Cd)
was due to a delay in mulching by around 24 d after H2 in 2017 (Figure 1). The reason for this delay
was related to rainy weather in 2017. In addition, the lower temperature during this period of plant
regrowth extended the time required to reach the same degree days as in 2016. Despite all this, H3 was
conducted around the same number of days after mulching in the two years (74 ± 6).
At each harvest, sampling was performed in a number of selected 0.5 m long rows only taken
from the central seven m of the total nine m plot length. The total number of samples per each of the
16 variants was n = 12 (4 rows × 3 blocks) in 2016 and n = 16 (4 rows × 4 blocks) in 2017. The fresh
samples were manually separated into three fractions of AC, BM, and all other species (which were
considered as weeds). These sample fractions were then dried separately at 85 ◦C for 48 h to obtain the
dry content. In addition, only in 2016, the weeds were identified as the species level in the selected
0.5 m of fallow plots and the monocultures of AC and BM at a density of 150% (Table S2) to characterize
weed species composition on the site.
Mixture effect is one of the basic metrics to judge the performance of a mixture and its efficiency
in biomass production and weed suppression. Here, we were interested in calculating the mixture
effect only on weed suppression by subtracting the weed biomass in the mixture from the average
weed biomass in the monoculture; Equation (1). When the weed biomass in the mixture is smaller than
the weed biomass in the monoculture, it creates a negative size effect that indicates an efficiency of the
mixture in weed suppression.
Mixture Effectweed suppression = WBMixture −WBAvg. Monoculture (1)
2.4. Statistical Analysis
Aiming to provide an easier interpretation of the results, data from each harvest were analyzed
separately in each year (Yr) to determine the mixing ratio (MR) and the density (Den) effects and the
interaction between them. CCB was normally distributed and homogenous with respect to variances,
according to Shapiro test and Bartlett’s test, respectively. Weed biomass was not normally distributed
and failed the homogeneity of variance test and was square-root-transformed to satisfy normality
criteria and to homogenize variances.
To determine the Yr effect on the dependent variable (CCB and WB) at each harvest, a mixed
linear model was used with Yr, MR, Den, Yr ×MR, Yr × Den, MR × Den as fixed effects and block
nested with row as random effects. Here, MR consisted of five levels, comprising the two monocultures
and three mixtures with different species proportions.
Comparing different models using the plot nested in the block did not improve the model
and showed higher AIC (Akaike Information Criterion) values [57]. Further statistical analysis was
conducted for each year separately in each harvest by using mixed linear models with MR, Den and
MR x Den as fixed effects and block nested with row as a random effect. The weedy fallow treatment
was only included in analyzing WB at each harvest time to evaluate WB in the fallow treatments.
After applying ANOVA, Tukey’s HSD tests at the 0.05 probability level were used to determine
differences among the mean values of the mixing ratios at a given density and among the groups of
seed densities by using the Agricola R-package [58].
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To determine the mixture effect on weed suppression, we calculated contrasts of mixtures versus
the average of their respective proportion-weighted monocultures. These absolute mixture effects were
calculated for both CCB and WB. Absolute mixture effects were tested for significance by subjecting the
contrasts to two-sided Welch’s t-tests against zero. Further, the effect of absolute mixture effect in the
crops on the absolute mixture effects in weeds was tested with linear regression models. All statistical
tests were performed using R (version 3.5.3) with R studio (version 1.1.383) [59].
3. Results
Depending on the climate data during the growing season, the experimental year of 2016 was
characterized by a dry season with precipitation almost 30% less than the long-term average, while in
2017, it was a relatively wet season with precipitation almost 36% higher than the long-term average
(Figure 1).
3.1. Cover Crop Biomass
A strong and significant Yr effect was observed on mean CCB at each harvest time, with higher
biomass values in 2016 than in 2017 by 12.9%, 45.0%, and 17.4% at H1, H2, and H3, respectively
(Figure 2, Figure S5). In both years, the Den effect was significant only at H1 and H2. However, the MR
effect was inconsistently significant at the different harvest times and not significant at all at H2 in 2016.
At H1, in both years, BM-monoculture was dominant at each given seed density, producing higher
biomass up to 40.4% and 33.8 % in 2016 and 2017, respectively, than the other treatments. In contrast,
AC-monoculture produced significantly the lowest CCB at each given seed density in comparison with
the other treatments representing a reduction by 46.1% and 29.2% in 2016 and 2017, respectively. In the
mixtures, a trend of producing less CCB was observed as the BM proportion decreased in the mixture.
However, there was no significant difference between the three binary mixtures at any of the different
densities (Figure 2A,D). The significant Den effect showed higher CCB at 100% and 150% seed density
by 27.6% and 31.8%, respectively than 50%.
At H2, in both years, after crop establishment (ca. 30% of plants flowering), the dynamics
of biomass productivity was highly depending on the growing conditions (weather and/or soil).
Specifically, in 2016, no MR effect was observed while the Den effect was still significant and showed
an increase in the CCB in an average of 20.5% and 24.4% at 100% and 150% seed density, respectively,
in comparison to 50% seed density (Figure 2B). However, in 2017, significant effects were observed for
MR and Den. In particular, AC-monoculture was significantly more productive than BM-monoculture
by 20.2% and 34.5% at 50% and 100% seed density, respectively but not at density 150%. In the average
of all mixing ratios, the Den effect was significant and showed an increase in CCB by 24.9% and 20.6%
at 100% and 150% seed density, respectively, than the 50% seed density (Figure 2E).
At H3, in both years, the MR effect was again significant but stronger in 2016 than in 2017.
The dynamics of plant regrowth after mulching showed similar dynamics as in H1, i.e., BM-monoculture
produced the highest biomass than almost all the other treatments. An exception was in 2016 at
density 150% when the equiproportional mixture produced higher CCB than the other mixtures, but
significantly higher than the average monocultures by 24.4%. No density effect was observed after
mulching and all the mixing ratios produced almost the same biomass at each given density. However,
the CCB was significantly higher in 2016 than 2017 by 22.1%, 17.7%, and 12.2% at 50%, 100%, and 150%,
respectively (Figure 2C,F).
3.2. Weed Biomass
The effect of the Yr on WB was gradually less significant over time, i.e., at H1, H2, and H3,
respectively. The MR effect depended on the growing conditions and its strength increased over time
(Figure 3A–F). However, in both years, the Den effect on weed suppression was always significant at
each harvest with higher densities being associated with lower WB. The MR × Den interactions were
not significant on WB, with the exception of those at H1 and H3 in 2017 (Figure 3).
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At H1 in 2016, the MR effect was not significant, but the Den effect was significant and all the
mixing ratios suppressed weeds effectively as the seed density increased. On average of the different
mixing ratios, WB was reduced up to 44.1% at 150% seed density in comparison with the fallow plots
(Figure 3A). On the contrary, in 2017, the MR effect was significant where AC-monoculture was the
less suppressive at all seed densities and showed higher WB up to 49.9% at density 150% than the
average of the other mixing ratios. In 2017, at the low seed density, WB did not differ significantly
from the WB in the fallow plot. However, significant weed suppression has been observed at density
100% and 150% by 49.3% and 48.8%, respectively in comparison with the fallow plots (Figure 3D).
At H2, in 2016, only the Den effect was significant and WB decreased as the seed density increased,
up to 61.6% at 150% seed density in comparison with the fallow plots (Figure 3B). In 2017, both
MR and Den effects were significant and showed the same trend as in H1 of the same year; where
again AC-monoculture was less suppressive and showed up to 45% more WB at 150% than the other
treatments. The Den effect was significant at low density and reduced WB by 42.5%, in comparison
with the fallow plot, but highly significant at density 100% and 150% and reduced WB by 62.9% and
60.3%, respectively (Figure 3E).
After mulching, at H3, WB decreased compared to H2 by 59.0% and 64.1% as mean values in 2016
and 2017, respectively (Figure 3B versus C, E versus F). The MR effect was significant in 2016; where the
equiproportional mixture (50:50) was the most suppressive and showed up to 83.4% reduction in WB
than the other mixing ratios. While, in 2017, the MR effect was highly significant but AC-monoculture
was the most suppressive and reduced WB up to 73.8% than the other mixing ratios. Despite the high
weed development in fallow plots (Figure 3C,F); all the cover crop treatments strongly reduced WB by
96% and 89% in 2016 and 2017, respectively. However, in an average of the different mixing ratios, the
Den effect was not significant between the different treatments as seed density increased (Figure 3C,F).
In Figure 4, the linear correlation between CCB and WB revealed that the relationship between
these two variables was dependent on the environment (a combination of trial year and trial site) and
on the harvest time. In 2016, at H1 and H3, no significant relationship was found between CCB and
WB, while at H2, the strength of the negative relationship between CCB and WB explained 96% of the
variation (Figure 4B). Conversely in 2017, at H1 the linear relationship between WB and CCB explained
49% of the variation. No relation was observed at H2 and H3 (Figure 4D–F).
Out of 54 contrasts between mixtures and monocultures (2 trial years × 3 mixing proportions × 3
harvests × 3 seed densities), only eight contrasts showed significantly stronger weed suppression in
mixtures than in their respective monocultures (Table 2). Within these contrasts, there was no obvious
pattern with regard to the experimental factors, i.e., none of the variables (proportion, density and
harvest time) showed a consistent influence on the mixture effect on weeds. However, pooled across all
other factors (i.e., proportion, density and harvest time), mixing the legumes significantly reduced WB
by 28%, as an average value, in 2017 compared to the respective monocultures, but not significantly in
2016 (Figure 5).
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15 treatments of five mixing ratios (MR) of AC:BM (100:0, 67:33, 50:50, 33:67, and 0:100) sown at
three seed densities (Den) represent 50%, 100%, and 150% of the recommended seed density and
harvested three times (H1; panel A and D, H2; Panel B and E, and H3; Panel C and F) per growing
seasons of 2016 (Panel A, B, and C) and 2017 (Panel D, E, and F). Vertical bars represent Tukey’s
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vertical bars indicate significant differences among the densities, based on ANOVA followed by 
Tukey’s HSD test (p < 0.05). Asterisks indicate significant effects of MR, Den, and the interaction 
between them according to ANOVA; *** = p < 0.001, ** = p < 0.01, * = p < 0.05, and ns = not significant. 
Figure 3. Weed biomass (WB) emerged in the fallow plots and with cover crop of alsike clover (AC)
and black medic (BM) contained 15 treatments of five mixing ratios (MR) of AC:BM (100:0, 67:33,
50:50, 33:67, and 0:100) sown at three seed densities (Den) represent 50%, 100%, and 150% of the
recommended seed density and harvested three times (H1; panel A and D, H2; panel B and E, and H3;
panel C and F) per growing season of 2016 (Panel A, B, and C) and 2017 (Panel D, E, and F). Vertical
bars represent Tukey’s HSD test (p < 0.05) at a given seed density. Different letters above the vertical
bars indicate significant differences among the densities, based on ANOVA followed by Tukey’s HSD
test (p < 0.05). Asterisks indicate significant effects of MR, Den, and the interaction between them
according to ANOVA; *** = p < 0.001, ** = p < 0.01, * = p < 0.05, and ns = not significant.
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Figure 4. Linear correlation between the cover crop aboveground biomass (CCB) and weed biomass
(WB); the cover crop species are alsike clover (AC) and black medic (BM) contained 15 treatments of
five mixing ratios (MR) of AC:BM (100:0, 67:33, 50:50, 33:67, and 0:100; colored in sy bols blue, violet,
green, orange, and red, respectively), sown at three seed densities (Den) represent 50%, 100%, and 150%
of the recommended seed density, and harvested three times (H1; panel A and D, H2; panel B and E
and H3; panel C and F) per growing season of 2016 (Panel A, B, and C) and 2017 (Panel D, E, and F).
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Table 2. Mixture effect on weed suppression for three binary mixtures of alsike clover (AC) and black medic (BM) in comparison with average monocultures in two
years 2016 and 2017 at three harvest times (H1: 40 ± 10 days after sowing (DAS), H2: 64 ± 10 DAS, and H3: 146 ± 26 DAS). The mixtures included three mixing ratios
of AC:BM 67:33, 50:50, and 33:67 sown at three seed densities (50%, 100%, and 150% of the recommended seed density). Abbreviations are MixB: A mixture dominated
by BM, MixC: A mixture of equal proportions of the two species, MixA: AMixture dominated by AC, Avg_mono: Average monocultures of both species. Asterisks
indicate a significant difference according to Welch’s t-test at p < 0.05. Mixture effect = WBMixture – WBAvg. Monoculture. All negative values of size effect indicate
suppressive mixtures.
Density (%)
Contrast: Mixture
vs. Average of
Respective
Monocultures
2016 2017
H1 H2 H3 H1 H2 H3
Effect
Size p
Effect
Size p
Effect
Size p
Effect
Size p
Effect
Size p
Effect
Size P
50 MixB-Avg_mono −7.0 0.49 −65.1 0.49 27.4 0.13 −7.9 0.48 −46.5 0.05 * −2.3 0.81
MixC-Avg_mono 4.7 0.81 −94.0 0.30 4.3 0.27 −2.6 0.87 −49.3 0.05 * −6.7 0.50
MixA-Avg_mono 43.6 0.19 −91.1 0.34 −2.4 0.48 15.9 0.31 −37.9 0.34 26.6 0.14
100 MixB-Avg_mono −2.4 0.89 27.8 0.79 12.8 0.58 15.7 0.02 * 10.5 0.73 −10.5 0.14
MixC-Avg_mono −32.2 0.01 ** 43.0 0.59 −25.9 0.07 −19.6 0.03 * −55.9 0.05 * −19.9 0.07
MixA-Avg_mono 11.8 0.53 81.6 0.44 −25.6 0.07 −18.3 0.03 * −23.5 0.37 −12.5 0.24
150 MixB-Avg_mono 32.1 0.09 −15.8 0.79 −6.3 0.23 −17.2 0.17 −50.3 0.05 * −7.9 0.15
MixC-Avg_mono 28.2 0.02 * 45.8 0.36 −12.5 <0.01 ** −13.4 0.09 −48.1 0.06 4.7 0.48
MixA-Avg_mono 19.2 0.17 10.2 0.90 −3.0 0.63 −4.4 0.57 −46.4 0.09 9.3 0.46
*** = p < 0.001, ** = p < 0.01, * = p < 0.05.
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Figure 5. Weed biomass (WB) in the fallow plots, monocultures, and mixtures of two legume cover 
crops of alsike clover (AC) and black medic (BM) in two years 2016 and 2017. The treatments of the 
cover crop contained five mixing ratios of AC:BM (100:0, 67:33, 50:50, 33:67, and 0:100) sown at three 
seed densities (50%, 100%, and 150% of the recommended seed densities). The WB was harvested 
three times during the season at H1: In spring (40 ± 10 days after sowing; DAS), H2: In summer (64 ± 
10 DAS), and H3: In autumn (146 ± 26 DAS). The vertical error bars represent standard error (SD/10). 
Different letters above the vertical bars indicate significant differences among the means of the fallow 
plots, monocultures, and mixtures across the three harvest times, based on ANOVA followed by 
Tukey’s HSD test (p < 0.05). 
4. Discussion 
The overarching goal of this study was to evaluate the ability of binary mixtures of only-legume 
forage species to suppress weeds, measured in the response of WB. We were also interested in 
learning whether the benefits of these mixtures would be consistent across different environmental 
conditions represented by three harvest times across the growing seasons (spring, summer, and early 
autumn seasons, the last after cover crop mulching, of two years 2016 and 2017). Here, we summarize 
and discuss the effects of the field trials with respect to cover crop species effect, diversity effects, 
proportion effects, density effects, mulching effects, site, and year effects. 
4.1.  Cover Crop Species Effect 
Plant growth dynamics were similar in both years at the early stage of the establishment (H1), 
where BM-monoculture was dominant. This may be partly due to the fast growth rate of BM than 
AC, therefore it was expected for AC to be less competitive at the early growth stage [29,46]. The 
efficiency of BM in suppressing weed in both years likely confirms that rapid growth rate is a key 
trait for weed suppression [10,11]. However, the efficiency of AC in weed suppression at H1 in 2016 
was comparable to the other treatments. This indicates that legume species with a slow growth rate 
may use alternative mechanisms such as allelopathy to suppress weeds at the early stage. It was 
widely reported that many species belonging to the genera Trifolium and Medicago release allelopathic 
compounds [60,61]. 
The dynamics of CCB at H2 after successful crop establishment were remarkably different, in 
both years, depending on the growing conditions. In 2016, the relatively dry conditions supported a 
better performance of both legume species in monocultures and mixtures than in 2017. Therefore, all 
treatments produced more or less equal biomass and suppressed weeds with the same efficiency. 
This finding was contrary to expectations for AC, as this species was supposed to be negatively 
affected by drought conditions [29,52,53] and consequently its strength to suppress weeds would be 
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crops of alsike clover ( C) and black edic (B ) in t o years 2016 and 2017. The treat ents of the
cover crop contained five ixing ratios of C:B (100:0, 67:33, 50:50, 33:67, and 0:100) sown at three
seed densities (50 , 100 , and 150 of the reco ended seed densities). The B as harvested
three times during the season at H1: In spring (40 ± 10 days after sowing; DAS), H2: In summer
(64 ± 10 DAS), and H3: In autumn (146 ± 26 DAS). The vertical error bars represent standard error
(SD/10). Different letters above the vertical bars indicate significant differences among the means of the
fallow plots, monocultures, and mixtures across the three harvest times, based on ANOVA followed by
Tukey’s HSD test (p < 0.05).
4. Discussion
The overarching goal of this study was to evaluate the ability of binary mixtures of only-legume
forage species to suppress weeds, measured in the response of WB. We were also interested in learning
whether the benefits of these mixtures would be consistent across different environmental conditions
represented by three harvest times across the growing seasons (spring, summer, and early autumn
seasons, the last after cover crop mulching, of two years 2016 and 2017). Here, we summarize and
discuss the effects of the field trials with respect to cover crop species effect, diversity effects, proportion
effects, density effects, mulching effects, site, and year effects.
4.1. Cover Crop Species Effect
Plant growth dynamics were similar in both years at the early stage of the establishment (H1),
where BM-monoculture was dominant. This may be partly due to the fast growth rate of BM than AC,
therefore it was expected for AC to be less competitive at the early growth stage [29,46]. The efficiency
of BM in suppressing weed in both years likely confirms that rapid growth rate is a key trait for weed
suppression [10,11]. However, the efficiency of AC in weed suppression at H1 in 2016 was comparable
to the other treatments. This indicates that legume species with a slow growth rate may use alternative
mechanisms such as allelopathy to suppress weeds at the early stage. It was widely reported that
many species belonging to the genera Trifolium and Medicago release allelopathic compounds [60,61].
The dynamics of CCB at H2 after successful crop establishment were remarkably different, in both
years, depending on the growing conditions. In 2016, the relatively dry conditions supported a
better performance of both legume species in monocultures and mixtures than in 2017. Therefore,
all treatments produced more or less equal biomass and suppressed weeds with the same efficiency.
This finding was contrary to expectations for AC, as this species was supposed to be negatively affected
by drought conditions [29,52,53] and consequently its strength to suppress weeds would be lower.
The unexpectedly outstanding performance of AC in the dry season, in 2016, suggests that the effect
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of water level in limiting the growth of AC might be alleviated by other factors (e.g., soil physical,
chemical, and biological properties).
In 2017, the significant increase in the biomass of AC-monoculture compared to the other
treatments was a result of a heavy rain event experienced just 10 days before H2. This caused temporary
waterlogging, which strongly affected the growth of BM in a negative way (e.g., plant yellowing). The
negative response of BM in the wet conditions is in accordance with the literature [47,48]. However,
the relative advantage of AC in these conditions did not result in a higher weed suppression capacity.
After mulching (H3), the dynamics of crop regrowth after mulching in both years were similar
to H1, with the dominance of BM-monoculture over the other treatments. This suggests that the
inherent characteristics of the plant species drive its growth and regrowth after mulching. Actually,
BM is able to regrow after cutting through stoloniferous growth forming horizontal branched stem-like
structure [49–51], whereas AC regrows after cutting by forming tiller-like branches at the crown that
frequently develop into floral stem under favorable climatic and soil conditions [54]. In 2017, the strong
ability of BM to recover, after mulching, after the stress event of heavy rains clearly demonstrated
its resilient capacity to such events. However, BM is widely known for its better performance in dry
conditions [29,46]. One of the main findings in this study suggests that AC and BM can be used as
keystone species on weed suppression for sustainable agriculture in comparison with previous studies
reported weed-suppressive effects of other legumes [32–34].
4.2. Diversity Effects
Diversity effects (mixing versus non-mixing) are expected to be strong in the case of mixing species
with contrasting traits regarding growth rates, response to water and temperature [28,29]. This approach
of diversification potentially entails higher efficiency of weed suppression via complementary and
consistent biomass production across the whole season under variable environmental conditions [44,45].
In our study, despite the contrasting traits of the two legume species regarding growth rates, the
observed diversity effects on weed suppression were mostly weak and inconsistent during the growing
season (Table 2).
However, as an average over the whole season, mixtures significantly reduced WB compared to
the monocultures only in 2017 (Figure 5). Therefore, our results show that diversity effects of legumes
on weed suppression are partly in agreement with the expectations and observations made in previous
studies [21–24]. These contradictory results make it more difficult to give any clear recommendations
for farmers about whether or not mixing crops helps to suppress weeds. In our case, the results shown
in Figure 5 and Table 2 suggest that although mixing species has the potential for weed suppression,
the mixing effect is not always reliable and other practices need to be employed for effective weed
control. Despite this, finding out a significant cumulative diversity effect of only-legume mixtures
on weed suppression at least in one year is likely important to the intrinsic and functional value of
legumes in agroecosystems. It indicates that the legacy effect of legume mixtures on weed suppression
can be left during one growing season, but it depends on the growing conditions.
A potential explanation for the inconsistence of the diversity effect in the tested forage legume
mixture on weed suppression is that species identity effects of the two legumes may have been
comparatively strong, superseding any mixture effects [26,27]. In contrast to [25], our results present
empirical evidence that species identity in legume mixtures is more important than species diversity.
This may also include differential effects of the two legume species on some weed species. In both
field trials, fat hen (Chenopodium album L.) and barnyard grass (Echinochloa crus galli L.) were dominant.
Height measurements of the two weed species conducted after H2 in 2017 showed significant
correlations with total WB (Figure S3) and confirmed that crop species identity effects on the weeds
are strong. Moreover, the plant height of both weed species decreased with increasing crop density
suggesting a strong competitive ability of AC and BM with fat hen and barnyard grass (Figure S4).
Further, pot trials conducted with these weed species indicate that the two tested legumes showed
differential allelopathic effects on these weeds [62].
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A likely reason why we did not observe stronger diversity effects on weeds was the interference
of temporal complementarity of the two legumes’ growth characteristics with mulching [28]. The
potential of the two legumes to suppress weeds more strongly than is expected from their respective
monocultures stems from their complementary growth characteristics over time: While BM grows fast
and suppresses early weeds; later weed growth is inhibited by the slow-growing AC. However, by the
time AC’s potential can be exploited, mulching takes place, thereby essentially resetting the conditions,
and favouring BM, which in comparison to AC is faster to regrow after being cut.
4.3. Proportion Effects
Our study further provided an opportunity to test the potential effects of the variations of legume
proportions within the mixtures on weed suppression. It was hypothesized that the increasing crop
species evenness supports stronger weed suppression [38,39]. Possible mechanisms include the fact
that the species that are evenly distributed in space may use resources more equitably and produce a
competitive environment that is difficult for weeds to invade [36,38–40]. The results reported here only
partially agree with this hypothesis.
At H1, species proportions played no role in weed suppression at the early growth stage. This
may be related to the slow interaction between the two species at the early stage AC has a slow growth
rate. This means that the approach of increasing evenness for efficient weed suppression might be not
reliable at the early stage.
At H2, in 2017, the trend of the equiproportional mixture to be more suppressive than the other
mixtures is in agreement with previous studies reporting that mixtures with greater species evenness
are less prone to weeds infestation [7,39].
At H3, after mulching, the equiproportional mixture was almost, but not consistently more
suppressive than the other mixtures. Here, the proportion effect is in line with some studies reported
that evenness in mixtures is less likely to be a factor affecting WB [25,35,41]. From an agronomic
viewpoint, our results across the whole season show that the changing species proportion in legume
mixtures is not a hugely influential force on weed suppression.
4.4. Density Effects
At H1 and H2, we found that doubling crop density from 50% to 100% significantly increased
weed suppression, confirming that high density increases the competitive interactions and resource use
between cover crop species to ensure effective weed suppression [36,42,43]. However, no significant
difference has been found between the seed densities 100% and 150% indicates that the recommended
seed density of the selected legume species is sufficient for weed suppression. The efficiency of weed
suppression at H2 (Figure 3B,E) is mainly a result of the deprivation of weeds from sunlight and space
by increasing crop competition after successful establishment specifically at higher seed density [36,41].
Our results confirm that legume cover crops are able to suppress weeds efficiently as living mulches at
high density.
At H3, after mulching, observing no density effect on CCB and WB is additional evidence for
species-specific characteristics of AC and BM to compensate for low density. This finding is of practical
importance in sustainable agriculture, as it confirms that after mulching adjusting seed density is of
less importance on productivity and weed suppression. Based on this finding less concern can be given
to seed density when mulching of cover crop is planned within the season or in long-term agricultural
management practices (e.g., managed grassland), but on the condition that the species can compensate
after cutting or after mulching.
4.5. Relationship between Crop Biomass and Weed Biomass
Although many studies hypothesized that the increase in biomass production was intimately
related to greater weed suppression [44,45], we have found that this relationship between CCB and WB
can be weak and inconsistent in forage legume crops (Figure 4). A key mechanism behind a rigorous
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relationship between CCB and WB is complementary, which occurs when there is asynchrony in species
growth rates and/or in species responses to environmental. In our study, the contrasting traits of legume
species in the mixture allowed for complementary that were time and condition dependent. However,
the efficient weed suppression in the two years reveals that there is a parallel mechanism used by AC
and BM independent of time and condition which is mostly allelopathy. Our finding indicates that the
allelopathic ability of these two species is constitutive and it gives the two species plasticity to suppress
weeds when the higher biomass productivity is limited by the environmental conditions.
4.6. Mulching Effects
In both years, at H3, weeds in the legume-plots were inhibited by the mulching and did not grow
up; therefore, WB was significantly lower than H2. Comparing the fallow with any of the treatments
with the cover crop confirms that mulching a legume cover crop strongly reduces WB. Three general
mechanisms can be distinguished that may underlie this observation: (1) Cutting may lead to direct
mortality, or reduced growth, of weeds in particular if the top-growth is removed at lower levels
below 7 cm [63]; the reduction in biomass is evident from the comparison between H2 and H3 in
the fallow plots. (2) Differential recovery from cutting between weeds, especially annual ones, and
the forage legumes may lead to a shift in the competitive balance towards the crop; and (3) residues
of legumes (and weeds) left as a dead mulch may contribute to weed suppression; either (a) as a
physical barrier, (b) through reduced light transmittance to the soil surface [18], and (c) by release
of allelochemicals [17,19,20] that reduce weed seedling growth. Due to this last mechanism, caution
should be taken when the mulch of these two legume species come to practice in crop rotation because
some unwanted consequences on the subsequent cash crop might be implemented. In fact, it has been
reported that species that are suppressive to weeds might be suppressive to other crops [21].
An explanation as for why we did observe weeds after mulching in the fallow plots, (Figure 3C,F)
despite the physical barrier of the dead plant residues above the soil surface may be related to three main
potential reasons: (1) Some late-season weeds may have started to germinate immediately after cutting;
(2) small weeds may have been left untouched by the mower and continued to grow; (3) recalcitrant
weeds may have regrown even after cutting; indeed, we did observe that some species were able to
regrow after mulching, e.g., barnyard grass (Echinochloa crus galli L.), mostly from individual un-cut
tillers of cut plants.
4.7. Site and Year Effects
The variation in CCB and WB between the two fields in the study site was primarily the result of
the different growing conditions for the cover crops and the weeds in the two years. In all treatments,
at H1, CCB was generally lower in 2017 than 2016, whereas WB was higher even in the fallow plot
(Figure 2A,D). The reduced CCB may be due to the low soil fertility in the field S5 (2017) than in FU9
(2016), specifically phosphorous that was 48.2% lower in 2017 than in 2016 (Table 1). This may have
directly or indirectly affected legume growth as it is known that legumes need adequate amounts of
phosphorous (P) for N2-fixing nodules (e.g., [16]). However, the higher WB in the same year, even in
the fallow, indicates that the limited nutrient levels in 2017 did not reduce WB (Figure 3D). This finding
is in line with studies reported that low soil fertility could be less resistant to weed invasion if it
supports small competitive biomass leading to an increase in weed growth and establishment [15,39].
In addition, greater weed suppression in low-productive soil was also reported in a previous study [23].
An alternative explanation to the variation in CCB and WB between the two fields could be related
to differences in the abundance of weeds in the seedbank as the initial seedbank can influence the
success of cover crops on weed management [12]. Additionally, in both years the plants experienced
different growth conditions that may have affected weed population dynamics as a function of
ecological interactions within and between plant populations, nutrient, and water limitation, rainfall,
and temperature [13]. Specifically, in 2017 the low temperature (Figure 1) at the early growth stage may
have increased the prevalence of competitive weed species and this effect is in agreement with [14].
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5. Conclusions
Both studied species, AC and BM, provide evidence for their ability to suppress weeds in
monocultures and mixtures. However, the effectiveness of weed control by these legumes is
time-dependent, species-dependent, and density-dependent (only before mulching). Further, species
identity (or functional identity) in legume mixtures had a stronger effect than species diversity, with
weed suppression in mixtures being stronger than in the respective monocultures only in one of the
two study years. Thus, the crop diversity effect on weeds was dependent on the growing environment.
The equiproportional mixture of legumes showed a weak trend to be more suppressive to weeds and
was inconsistently more productive than a mixture dominated by either of the component species.
In addition, the effect of seed density on weed suppression depends on harvest time; higher
density reduces weeds but no density effect is observed after mulching, indicating that compensatory
growth against low density increases over time. Weed suppression in only-legume binary mixtures
is partially related to high CCB productivity and depends on time and the environment. Moreover,
mixture effects in the crop and weed suppression are time-dependent (within one season), but not all
time-dependent effects are consistent. On the basis of this finding, the strength of weed suppression in
the average of all treatments over the two years (40% shortly after establishment, 50% at the flowering
stage, and 90% after mulching) indicates that legumes develop different mechanisms to suppress
weeds, potentially including chemical (allelopathy) and physical effects. It also suggests that legumes
have wide flexibility to be used in different locations for the purpose of weed suppression in marginal
areas or ecological revegetated areas as biofertilizers.
Further research is needed to investigate the potential use of allelopathy at the early stage of
legume growth to support our new finding and to determine if it is dependent on species, cultivar, and
environmental conditions. In addition, it would be of great importance to understand which factors in
the soil would alleviate the drought effect on drought-sensitive species such as AC to consider these
factors for higher crop productivity and efficient weed suppression in dry-prone areas. Moreover,
future studies with more focus on weed suppression are recommended to investigate an appropriate
approach to use these two legumes in agriculture systems (e.g., by comparing leaving and removing the
cut plant materials). We also suggest a research question regarding using AC and BM in environmental
engineering and landscape management to suppress weeds or to use them as natural herbicides while
increasing soil fertility.
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